A method was developed to determine whether microorganisms mediate the precipitation of manganese(II) in the marine environment. Radioactive 54Mn(II) was used as a tracer to measure the precipitation (binding and oxidation) of Mn(II) [i.e., The preferred method to establish bacterial catalysis is the direct measurement of their activities. Such activity measurements have been performed for a variety of microbial activities, including transformations of sulfur and nitrogen (9-13, 20). For Mn(II) oxidation, however, direct measurements of activities in situ or in freshly collected samples have not usually been presented. Rather, microbial activities have been inferred from studies of the abundance and potential activity of bacterial populations in soils and aquatic environments (4, 5, 14) . Kinetic studies of the chemistry of several environments have also concluded that Mn(II) oxidation is too rapid to be accounted for by purely inorganic chemical mechanisms (6, 7, 23 unpoisoned and poisoned bacterial populations in radioactive binding experiments to distinguish biological from autocatalytic oxidation, respectively. However, great care must be taken when introducing poisons into natural or artificial environments (2) because, if the poisons interfere with autocatalytic processes, artifactual microbial activities might be inferred. We present here the results of experiments designed to define suitable poisons that inhibit microbial 54Mn(II) binding and oxidation without significantly interfering with either manganese(II) adsorption to preformed manganese(IV) oxides (manganates) or the autocatalytic oxidation of manganese(II).
Bacteria catalyze redox transformations in various environments. Since many of these reactions can occur spontaneously under environmental conditions, bacterial catalysis is not always necessary to explain the final chemical states observed. When the rates of reactions are too rapid to be explained by chemical reaction kinetics or diffusion processes alone, bacterial activities are often inferred. Similar inferences are drawn from physiological characterization of pure cultures of bacteria known to be abundant in certain environments. However, since bacteria can regulate their metabolism in response to environmental conditions, the presence of a given bacterial type, even in great abundance, although suggestive, cannot always be taken as proof of its activity in situ.
The preferred method to establish bacterial catalysis is the direct measurement of their activities. Such activity measurements have been performed for a variety of microbial activities, including transformations of sulfur and nitrogen (9) (10) (11) (12) (13) 20) . For Mn(II) oxidation, however, direct measurements of activities in situ or in freshly collected samples have not usually been presented. Rather, microbial activities have been inferred from studies of the abundance and potential activity of bacterial populations in soils and aquatic environments (4, 5, 14) . Kinetic studies of the chemistry of several environments have also concluded that Mn(II) oxidation is too rapid to be accounted for by purely inorganic chemical mechanisms (6, 7, 23) . Reliable, direct measurements would be very helpful in resolving the actual contribution of bacteria to Mn(II) oxidation in natural environments.
One method to estimate in situ microbial activities involves the use of poisons to block metabolic activities. Such an approach would be of great value for the study of microbial Mn(II) oxidation in the environment, comparing * Corresponding author.
unpoisoned and poisoned bacterial populations in radioactive binding experiments to distinguish biological from autocatalytic oxidation, respectively. However, great care must be taken when introducing poisons into natural or artificial environments (2) because, if the poisons interfere with autocatalytic processes, artifactual microbial activities might be inferred. We present here the results of experiments designed to define suitable poisons that inhibit microbial 54Mn(II) binding and oxidation without significantly interfering with either manganese(II) adsorption to preformed manganese(IV) oxides (manganates) or the autocatalytic oxidation of manganese(II).
MATERIALS AND METHODS
Solutions of inhibitors and other compounds. Stock solutions of all compounds to be tested were made in distilled water. The only exceptions were rifampin, which was first solubilized in 0.3 ml of 95% ethanol and then diluted with distilled water, and dichloromethylurea (DCMU; dissolved in 95% ethanol and added directly). The pH of these solutions was adjusted to 7.5. except where noted. Usually, 0.5 ml of a stock solution was added to a 5-ml assay.
Competition with Chelex 100 for 54Mn(II) binding. Chelex 100 (Bio-Rad Laboratories, Richmond, Calif.) columns (5 ml) were preequilibrated with natural seawater. Each compound to be tested was added to seawater containing 1.0 ,uM MnCl2 plus tracer carrier-free 54MnCl (0.2 pCi ml-', New England Nuclear Corp., Boston, Mass.). After a 10-min incubation at room temperature, a portion (0.1 to 0.5 ml) was added to a Chelex column and eluted with 2.5 ml of seawater. Radioactivity in the eluate was counted on a Biogamma II (Beckman Instruments, Inc., Irvine, Calif.). Elution of antibiotics was confirmed by bioassay with sensitive manganese-oxidizing bacteria. A suspension of sensitive bacteria was spread on K media (19) agar plates, and Duplicate samples (0.1 to 0.2 ml) were filtered at various times through 0.2-,im triacetate membrane filters (GA8; Gelman Sciences, Inc., Ann Arbor, Mich.), and the filters were immediately washed with 5 ml of filtered seawater (pH 7.5). Radioactivity on the filters and in the filtrates was determined as described above. In addition, the total radioactivity in unfiltered samples was monitored throughout each experiment to detect any soluble and insoluble radioactivity that might adsorb to the sides of the reaction tubes.
Desorption of preadsorbed 54Mn(II) from synthetic manganate(IV). Flocculent 8MnO2 (10 jig ml-1) was preincubated with 54MnC12 (0.2 to 1.5 ,uCi ml-') for 30 to 60 min, until all added soluble radioactivity was adsorbed. A given compound (0.5 ml of stock solution) was then added to this suspension (total, 5 ml), and the samples were filtered and washed. The radioactivity on the filters and in the filtrates was determined as described above.
Solubilization of synthetic 54manganate(IV). 854MnO2 was prepared by the method of Murray (17) , with the modification that 54MnC12 was added during the preparation, so that the resulting bMnO2 was radioactive (10,000 cpmn jg-l). The solubilization of manganate(IV) in response to treatment with a variety of compounds was followed by detecting soluble radioactivity as described above.
Field measurements with Saanich Inlet water. Water from various depths was collected in 5-liter Niskin bottles. Triplicate samples (100 ml each) were removed into 8-ounce (ca. 240-ml) polypropylene bottles. One bottle was untreated, one received a poison mixture (sodium azide, 1 mg ml-'; penicillin G, 50 jig ml-'; tetracycline-hydrochloride 50 jig ml-1), and the third received a borate-buffered formaldehyde (pH 8.1). The experiment was initiated by the addition of 54MnC12 (0.02 ,uCi ml-'). Duplicate samples (10 ml) from each bottle were filtered onto 0.2-jim membrane filters as a function of time, and the radioactivity on the filters and in (10 ,ug ml-'; 105 cpm ml-l). Samples were removed as a function of time and filtered through 0.2-p.m membrane filters. The radioactivity on the filters and in the filtrates was determined.
binding reaction occurs and is followed by autocatalytic oxidation of Mn(II) (16) . A variety of inhibitors, singly and in combination, as well as other compounds of interest, was tested for interference in such binding (Table 2 ). Antibiotics such as gentamicin sulfate, penicillin G, and tetracyclinehydrochloride showed limited interference. One antibiotic, rifampin, inhibited 54Mn(II) binding to bMnO2. Borate-buffered formaldehyde caused some inhibition at pH 8.1 and was unsuitable for use at pH 7.4 or iower. Sodium azide and mercuric chloride showed no measurable interference.
Desorption of preadsorbed 54Mn(II) from synthetic manganate(IV). 8MnO2 is a scavanger of divalent cations (16, 18) , and the addition of an inhibitor or other compound might cause desorption of preadsorbed Mn(II). If this desorption occurs, the specific activity of the tracer would be diluted, thus leading to an underestimation of binding. Qf the compounds tested (Table 3) Fig. 1 (essentially identical results were obtained with the poison mixture; 7). There was a broad peak of Mn(II) binding, corresponding to a mi above the 02-H2S interface (profiles of have been previously published [7] Therefore, one must use caution in the use of complexing and reducing agents or if reducing agents are found in natural samples which are being tested. In addition, cupric sulfate I has been used to desorb bound but not oxidized Mn(II) from 5 6 7 bacteria, thus providing a method to estimate the percentage of bound manganese that had been oxidized (3, 21) . Our results (Table 3) Fig. 1; 7) . This value probably underestimates the actual microbial binding and oxidation potential for at least two reasons. First, these experiments were run with saturating oxygen levels, in contrast with the low levels of ambient oxygen in situ (5 to 15 ,uM) between 70 and 130 m, which would significantly reduce the background levels of inorganic oxidation (22) . The effect on microbial rates of these low oxygen conditions is not known, but the organisms might be less affected. Second, an additional control, in which Saanich particulates were sonicated to kill bacteria, showed that both formaldehyde and the poison mixture enhanced 54Mn(II) binding (data not shown; 7). This is in contrast to our control experiments with flocculent 8MnO2 (Tables 2, 3 , and 4) and those with nonsonicated Saanich particulates (7) . In any case, if the time course examined is short then the potential interference by an added compound is minimal.
The poison mixture and the formaldehyde used in 54Mn(II) binding studies in Saanich Inlet ( Fig. 1; [7] ) have very different mechanisms of inhibition. Formaldehyde is a fixative, whereas the poison mixture is composed of metabolic and respiratory inhibitors. Therefore, these poisons may affect different manganese-oxidizing bacteria to different extents. Manganese oxidation resulting from direct (enzymatic) or indirect (a product of microbial metabolism, such as a change in local pH) microbial metabolic activity will be inhibited by both types of poisons. However, manganese binding and oxidation that may be independent of metabolism, such as an interaction with organic polymers or an organic matrix on the cell surface, may or may not be inhibited (8) . It is therefore advantageous to use both types of inhibitors when comparing poison-treated samples with untreated samples (Fig. 1; 7) . Furthermore, additions of divalent cations such as Hg2+ or Cu2+ might be expected to interfere to some extent with manganese chemistry as they could directly compete with the adsorption of divalent Mn(II) onto manganese oxides. In seawater, which contains an assortment of ions, this effect may be less pronounced.
However, this may explain why the mercuric chloride strongly interfered with the distilled water system.
The poisons tested in this study will be useful for in situ manganese binding and oxidation experiments. However, since natural manganates may differ in their ion-exchange capacity, especially as a function of age (17) 
